As a complement to single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs), biallelic insertions and deletions (InDels) represent powerful molecular markers with desirable features for filling the gap in current genetic linkage maps. In this study, 28,908 small InDel polymorphisms (1-5 base pair, bp) distributed genome-wide were identified and annotated by comparison of a whole-genome resequencing data set from two soybean [Glycine max (L.) Merr.] genotypes, cultivar Zhonghunag13 (ZH) and line Zhongpin03-5373 (ZP). The physical distribution of InDel polymorphisms in soybean genome was uneven, and matched closely with the distribution of previously annotated genes. The average density of InDel in the arm region was significantly higher than that in the pericentromeric region. The genomic regions that were fixed between the two elites were elucidated. With this information, five InDel markers within a putative quantitative trait locus (QTL) for seed weight (SW), qSW-17-2, were developed and used to genotype 254 recombinant inbred lines (RILs) derived from the cross of ZP × ZH. Adding these five InDel markers to previously used SNP and SSR markers facilitated the discovery of further recombination events allowing fine-mapping the QTL to a 0.5 Mbp region. Our study clearly underlines the high value of InDel markers for map-based cloning and marker-assisted selection in soybean.
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Abstract
As a complement to single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs), biallelic insertions and deletions (InDels) represent powerful molecular markers with desirable features for filling the gap in current genetic linkage maps. In this study, 28,908 small InDel polymorphisms (1-5 base pair, bp) distributed genome-wide were identified and annotated by comparison of a whole-genome resequencing data set from two soybean [Glycine max (L.) Merr.] genotypes, cultivar Zhonghunag13 (ZH) and line Zhongpin03-5373 (ZP). The physical distribution of InDel polymorphisms in soybean genome was uneven, and matched closely with the distribution of previously annotated genes. The average density of InDel in the arm region was significantly higher than that in the pericentromeric region. The genomic regions that were fixed between the two elites were elucidated. With this information, five InDel markers within a putative quantitative trait locus (QTL) for seed weight (SW), qSW-17-2, were developed and used to genotype 254 recombinant inbred lines (RILs) derived from the cross of ZP × ZH. Adding these five InDel markers to previously used SNP and SSR markers facilitated the discovery of further recombination events allowing fine-mapping the QTL to a 0.5 Mbp region. Our study clearly underlines the high value of InDel markers for map-based cloning and marker-assisted selection in soybean.
Background
S oybean is one of the most important sources of oil and plant protein worldwide (Wilcox, 2004) . A comprehensive high-density genetic linkage map is fundamental to understand the genetic makeup of the soybean genome and to identify genetic determinants underlying important agronomic traits. Until now, several genetic maps have been constructed comprising of simply inherited traits as well as biochemical and molecular markers. The first version of the soybean integrated genetic linkage map was constructed based on 26 classical loci, 10 isozymes, and 1385 molecular markers (689 restriction fragment length polymorphisms, 79 random amplified polymorphic DNA, 11 amplified fragment length polymorphisms, and 606 simple sequence repeats [SSR]; Cregan et al., 1999) . In the following, the genetic map was enriched using further molecular markers, including SSRs and SNPs (Choi et al., 2007; Hyten et al., 2010; Song et al., 2004) .
With the development of resource-efficient nextgeneration sequencing technology, economical and abundant SNPs are becoming the marker system of choice (Song et al., 2013) . This is reflected by the fact that nearly 70% of the 5500 markers used to construct the fourth version of the soybean integrated genetic linkage map were SNPs . The SNPs have been used to identify QTLs underlying soybean cyst nematode (SCN) resistance (Vuong et al., 2010) , Asian soybean rust resistance , aphid resistance (Jun et al., 2012; Kim et al., 2010b) , soybean mosaic virus resistance (Shi et al., 2011) , bacterial leaf pustule resistance (Kim et al., 2010a) , and contents of fatty acid components in soybean seeds Xie et al., 2012) . Although many genetic studies have focused on SNPs, some recent research has suggested that SNPs do not fully capture the genomic variation underlying phenotypic variation (Springer et al., 2009) .
Insertions and Deletion (InDel) markers are a valuable complement to SNPs and SSRs (Moghaddam et al., 2014) . InDel profiles are relatively easy to generate with moderate cost using similar experimental approaches as SSRs. Further, InDels overcome some of the shortcomings of SSRs, such as genotyping errors resulting from stutter bands and technical artifacts (Pompanon et al., 2005) . Moreover, several traits are associated with InDel polymorphisms, including resistance to soybean mosaic virus, SCN, and common cutworm, oleic acid content, and fragrance (Juwattanasomran et al., 2012; Ma et al., 2011; Nan et al., 2009; Pham et al., 2011; Shi et al., 2011; Wang et al., 2014) . To date, a total of 707,969 InDels 1 to 5 bp in length have been identified by low-depth resequencing analysis of 25 wild and 30 cultivated soybeans . Recently, 1,769,260 InDels ranging in length from 1 to 35 bp were reported among 10 cultivated and six wild soybean accessions from Korea using high-depth resequencing analysis (Chung et al., 2014) . Despite the abundance of InDel polymorphisms, only little emphasis has been placed on developing InDel markers for soybean research and breeding.
In this study, we resequenced two elite soybean lines ZH and ZP, applying a low sequencing depth based on Solexa sequencing technology (Illumina, San Diego, CA), and identified 28,908 small InDels (1 to 5 bp in length) referenced using the 'Williams 82' genome sequence. Our objectives were to (i) examine the genome-wide abundance and distribution of InDels in soybean, (ii) enrich the number of molecular markers in one putative QTL region underlying SW, and (iii) narrow down the putative QTL region to establish robust functional markers.
Materials and Methods

Materials
Extraction of total genomic DNA of ZP and ZH for resequencing was done as described elsewhere Liu et al., 2013) . Genomic DNA of 254 RILs derived from the cross of ZP × ZH was extracted from young leaves of 10 seedlings per F 10 line using the DNA quick plant system (Tiangen Biotech Co., Ltd., Beijing, China).
Whole Genome Sequencing, Alignment, and InDel Identification
Using the Illumina Solexa system, ZH and ZP were resequenced by BGI (Shenzhen, China). From ZP, 2.98-gigabase (Gb) Illumina pair-end 75-nucleotide reads were generated, as well as 5.24-Gb pair-end reads from ZH. The soybean genome sequence of Williams 82 (Glyma1.1; Schmutz et al., 2010) was retrieved from www.phytozome.net (verified 22 Aug. 2014) and used as a reference to bridge the InDel polymorphisms between ZH and ZP. These short reads were first aligned to the reference using SOAP2 software ) with parameters reported previously (Xia et al., 2009) . Gaps with a length of 1 to 5 bp supported by at least five reads were considered as small InDels between reference and ZP or ZH. The InDels identified among Williams 82, ZP, and ZH were integrated.
Development of InDel Markers
We first selected InDels (2-5 bp) and extracted the 200 bp upstream and downstream of their flanking sequences. These sequences were used to query the reference genome sequence with a BLAST (Basic Local Alignment Search Tool, National Center for Biotechnology Information, http://blast.ncbi.nlm.nih.gov/Blast.cgi verified 22 Aug. 2014) script, setting the E-value < 10 -10 . InDels with ambiguous or multiple locations with 80% identity were removed. Polymerase chain reaction (PCR) primers, limited to 20 to 22 bp, were designed using the software package Primer 3.0 (http://bioinfo.ut.ee/ primer3-0.4.0/primer3/, verified 22 Aug. 2014). The sizes of amplified products ranged from 100 to 300 bp. A PCR was performed in 20 mL reaction volumes containing approximately 45 ng of genomic DNA, 1 U of Taq DNA polymerase (Tiangen, Beijing, China), 1 × PCR buffer, 0.15 mM of forward and reverse primers, and 200 mM of each dNTP. Thermocycling was started at 95°C for 5 min and followed by 38 cycles of 94°C for 30s, annealing at 55°C for 30s, and extension at 72°C for 40s, with a final extension at 72°C for 8 min. The PCR products were separated on 6% polyacrylamide gel (PAGE) and visualized by silver staining.
Genetic Linkage Map Construction and QTL Mapping
The genetic linkage map was constructed using IciMapping v.3.1 software (Li et al., 2008; www.isbreeding.net, verified 22 Aug. 2014) . We used the settings described in detail previously . MapChart2.2 was used to display the genetic linkage map (Voorrips, 2002) . Seed weight was measured in six environments . 
Results
Identification of Short InDels between ZP and ZH
The genome of ZP and ZH was resequenced using the Illumina Solexa platform. Short reads in length of 75 nucleotides were generated corresponding to about 2.88 Gb of sequence for ZP and 5.24 Gb of sequence for ZH . Among them, 2.7 Gb of ZP (90.6% of total data) and 4.47 Gb of ZH (85.3% of total data) were aligned to the reference genome, covering 87.5 and 93.4% of the Williams 82 genome with a 2.82 and 4.68 effective depth, respectively. A total of 28,908 small InDel polymorphisms were identified between ZP and ZH within the target regions with more than one paired reads aligned which correspond to a frequency of 30.4 InDels/ Mbp along the soybean genome (Supplemental Table S1 ). We observed a skewed distribution for the InDel length, as the number of InDels decreased with the length of InDels: most InDels (70.8%) were based on a single nucleotide, followed by the 2 bp InDels (17.2%), 3 bp InDels (6.0%), 4 bp InDels (4.3%) and 5 bp InDels (1.7%). Among 28,908 InDels identified, 155 corresponded to reported SSRs (Supplemental Table S1 ).
82.4% of InDel polymorphisms were located within the intergenic region. Among the 5094 genic InDels (17.6% of total), 81.8% were located within introns, 12.4% within 3¢ or 5¢ UTR (untranslated regions), and only 5.8% (293 InDels) within exons. The InDels within exons resulted most often in a putative influence in gene function, with 228, 1, 2, 4, or 5 bp InDels that were expected to cause frame shifts forming premature stop codons.
Physical Distribution of InDel Polymorphisms
Comparison of the number of InDels on different chromosomes indicated that there were drastic differences among chromosomes, ranging from 898 for Gm11 to 2364 for Gm18 (Table 1 ). The density of InDel polymorphisms varied among chromosomes, with a range from 18.6 InDels/Mbp for Gm14 to 40.7 InDels/Mbp for Gm15. The InDel polymorphisms were not evenly distributed along the chromosomes (Fig. 1) . It was worth noting that the distribution of InDels showed a high association with the distribution of annotated soybean genes (Fig. 2) . This suggests that the distribution of InDels is reflecting the distribution of genes.
We compared the distribution of InDels in relation to the pericentromeric regions and distal ends of the chromosomes (Du et al., 2012) in more detail. The average density of InDels in the distal ends was 49.7 InDel/Mbp, which was significantly higher than that in pericentromeric region (16.6 InDel/Mbp, P = 4.08 × 10 -13 ; Table 2 ). The InDel density was different in the two arms of each chromosome. While we observed a decreasing number of InDels with increasing physical location in the front arm region, the number of InDels increased with the increase of physical location in the end arm region. The frequency of InDels in the pericentromeric regions was low and ranged from 5.1 InDel/Mbp for Gm14 to 34.7 InDel/Mbp for Gm15. Besides Gm15, the density of InDels in pericentromeric regions was also higher for Gm17 (32.3 InDel/Mbp) in contrast to the other chromosomes (Table 2) . We observed several small InDel clusters ( Fig. 1) with similar patterns observed for introns, coding sequence, or UTR.
Saturating the qSW-17-2 Region with InDel Markers
In a previous study based on SSR and SNP markers , we detected the reproducible QTL qSW-17-2 for SW, which was flanked by Satt574 (31, 915, 278) and Satt301 (37, 009, 236) . Within this region, we identified 91 2-to 5-bp InDels based on the comparative analysis of the resequenced ZP and ZH genome. We established PAGE-screened markers (Fig. 3a) for five of those InDels, covering a length of 3.7 Mbp with an average density of 740 kbp/InDel (Table 3 ). The five InDel markers, together with six SSR markers and one SNP marker, were used to screen the 254 RILs derived from ZP × ZH. The length of the resulting genetic linkage map was 21.8 cM, with an average marker spacing of 1.82 cM (Fig. 3b) . All five InDel markers were mapped between Satt574 and Satt301. The linear order of the five InDel markers on the genetic linkage map was consistent with their genomic order on the soybean reference genome (Table 3) . Analyses of QTL were performed separately for each environment, and we confirmed qSW-17-2 in CP10 explaining 5.2% of the phenotypic variation of SW (Fig. 3c) . We could successfully narrow down the genomic length of the QTL region from 5.1 Mbp to 0.5 Mbp by adding the five InDels.
Discussion
Zhonghuang13 is the most widely planted soybean genotype in China in recent years (Jiang et al., 2009 ) because of its high grain yield, large SW, low plant height, and wide adaptability. The line ZP exhibits multiple resistance to SCN and tolerance of drought . Consequently, segregating progenies of the cross between ZH and ZP were intensively used to study the genetic architecture of several relevant agronomic traits, including flowering and maturity time, plant height, drought tolerance, and SCN resistance. However, high-resolution QTL mapping based on the cross between ZH and ZP was hampered so far, mainly because of the high degree of relatedness between both parents, resulting in difficulties to identify polymorphic molecular markers (Li et al., 2014) .
With the development of next-generation sequencing technology and the release of soybean genome sequence (Schmutz et al., 2010) , millions of SNPs and InDel polymorphisms have been identified. These polymorphisms are a suitable resource for developing robust functional markers enriching the existing genetic maps, which were mainly based on SSRs . Generation of high-throughput SNP data, however, depends on special equipment, which is often not available for small and medium sized soybean breeding groups, and subsequently impede marker-assisted selection based on SNP markers. Insertion and deletion markers can be amplified based on regular gel electrophoresis systems and are, therefore, a valuable complement to SSR and SNP markers. In this study, using resequencing technology, 28,908 small InDel polymorphisms (1-5 bp) were identified between ZH and ZP with reference to Williams 82. Developed genome-wide InDel polymorphisms are valuable tools to enrich the set of existing molecular markers, accelerate the identification of QTLs underlying grain yield, plant height, adaptability, resistances to SCN, tolerance to drought, and further traits within this RIL population. These advances will, in turn, benefit knowledgebased soybean breeding.
The enrichment of the set of markers in the targeted qSW-17-2 region for SW in our study facilitated to identify additional recombination events. Adding the five InDel markers (Fig. 3) led to a fivefold increase in the genetic distance between Satt574 and Satt301 compared with the original interval . We tested the potential benefit of an enriched marker density in a targeted QTL region to increase the feasibility of fine mapping and subsequent cloning of the underlying gene. This approach has been successfully implemented, for instance, to fine map susceptibility genes underlying asthma-related traits (Laitinen et al., 2004) . For the CP10 environment, qSW-17-2 was narrowed down to a region of 0.5 Mbp of physical distance and 2.5 cM of genetic distance. It is worth noting, however, that this QTL explained only 5.2% of the phenotypic variation of SW and, therefore, careful validation using backcross population or populations derived from residual heterozygous lines are needed.
Summarizing, our study clearly underlines that the development of new sequencing techniques and the published soybean reference genome made resequencing a promising tool for identifying biallelic InDel loci in the whole genome level as a complement to SNPs and SSRs.
These new polymorphisms provide useful information for saturating the existing genetic linkage map and are very valuable for fine mapping QTLs. The developed InDel markers linked to SW can serve as stable functional markers in marker-assisted selection.
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